Abstract: Dietary cholesterol oxidation products (COPs) modulate various metabolic processes, particularly lipid metabolism. In this study, we observed that dietary COPs perturbed hepatic function, linoleic acid desaturation, and cholesterol catabolism in rats that were fed with diets containing 0.5% COPs for a short duration (7 days). The rats (age, 8 weeks) were fed American Institute of Nutrition (AIN)-purified diets containing 0.5% cholesterol or 0.5% COPs for 7 days. The glutamic oxaloacetic transaminase (GOT), glutamic pyruvic transaminase (GPT), and lactate dehydrogenase (LDH) levels were signifi cantly high in rats fed with dietary COPs, but no such increase was observed in rats fed with dietary cholesterol, thereby indicating that dietary COPs may impair the hepatic function. The mRNA expression levels of Δ6 desaturase in the liver were signifi cantly increased by dietary COPs, while these levels were signifi cantly decreased by dietary cholesterol. However, the mRNA expression level of cholesterol 7α-hydroxylase (CYP7A1) in the liver was significantly decreased by dietary COPs and significantly increased by dietary cholesterol. Therefore, dietary COPs may modulate lipid metabolic processes such as linoleic acid desaturation and cholesterol catabolism even when they are consumed for a short duration. Hence, processed animal foods containing COPs should be consumed with caution.
INTRODUCTION
In recent years, sterol oxidation products in processed foods have become a major concern because these oxycholesterols exert adverse toxic effects such as mutagenicity 1 , atherogenicity 2 , and immunosuppressive activity 3 . Cholesterol readily undergoes oxidative degradation similar to that seen in polyunsaturated fatty acids. Substantial amounts of cholesterol oxidation products COPs have been detected in a variety of processed foods 4 and fast foods 5 . Dietary COPs specifi cally perturbed growth, cholesterol metabolism, linoleic acid desaturation, and age-related changes in the lipid metabolism of rats fed with COPs for 3-4 weeks 6 . Moreover, dietary COPs specifi cally modu-late hepatic cholesterol 7α-hydroxylase CYP7A1 and Δ6 desaturase activities. Thus, dietary COPs exert biologically deleterious effects on lipid metabolism. However, the effects of dietary COPs on the expressions of genes encoding hepatic CYP7A1 and Δ6 desaturase have not been elucidated. Although experiments have shown that rats fed with COPs for 3-4 weeks developed liver atrophy, the effect of COPs on hepatic function has not been completely understood up to now 7 . Therefore, the objective of this study is to investigate the possible mechanism underlying the deleterious effect of short-term 7 days dietary intake of COPs on the hepatic function, cholesterol catabolism, fatty acid metabolism, and hepatic CYP7A1 and Δ6 desaturase gene expressions in rats.
EXPERIMENTAL

Animal experiments
Male Sprague-Dawley rats age, 7 weeks; CLEA Japan Co., Japan were housed individually in a room with controlled temperature 20-23
and light 0800-2000 h conditions. The rats were allowed to acclimatize to these conditions for 1 week, and then, they were divided into 3 groups of 5 or 6; one group was fed a cholesterol-free diet Control group , the second group was fed a diet containing 0.5 cholesterol Chol group , and the third group was fed a diet containing 0.5 cholesterol oxidation products COPs mixture COP group . All the 3 groups were fed with the same quantity of food. The diets were prepared according to the recommendations of the American Institute of Nutrition 8 and contained the following components percent by weight : casein, 20 ; safflower oil Nissin Oilio Co. Ltd. , 5 ; mineral mixture AIN93 , 3.5 ; vitamin mixture AIN93 , 1 ; choline bitartrate, 0.25 ; L-cystine, 0.3 ; cellulose, 5.0 ; cornstarch, 41.7486 ; α-cornstarch, 13.2 ; tert-butylhydroquinone, 0.0014 ; and sucrose to 10 . Cornstarch was replaced by cholesterol 0.5 and COPs mixture 0.5 in the diets of the Chol and COP groups, respectively.
After feeding for 7 days, the rats were lightly anesthetized with diethyl ether. Then, they were bled from the abdominal aorta and the liver was quickly excised. The blood was allowed to clot at room temperature and the serum was separated by centrifugation. The serum samples were maintained at 80 until analyses. The animal experiments were conducted according to the guidelines provided by the ethical committee of experimental animal care at Hirosaki University.
Preparation of COPs
The COPs mixture was prepared from pure cholesterol according to the protocol described in a previous report 6 .
The COPs mixture contained the following components percent by weight : cholesterol, 9.5 ; 7α-hydroxycholesterol, 2.2 ; 7β-hydroxycholesterol, 13.5 ; 5β-epoxycholesterol, 12.5 ; 5α-epoxycholesterol, 12.5 ; 7-ketocholesterol, 15.1 ; 25-hydroxycholesterol, 0.7 ; and unidentifi ed oxidized cholesterols, 42.1 .
Analysis of the hepatic function parameters and lipids
The GOT, GPT, and LDH activities in the serum samples were measured using the commercial kit Wako Pure Chemical Industries Ltd., Tokyo, Japan . The serum and liver lipids were isolated using the protocol described by Folch et al. 9 . The levels of cholesterol and triglycerides and the fatty acid compositions of the liver phospholipids and serum cholesteryl esters were measured according to the protocol described in a previous report 3 .
RNA extraction
Total RNA was extracted from the rat hepatic cells using EZNA Total RNA Miniprep Kit Omega Bio-tek Inc., GA . The RNA concentration was determined by measuring the absorbance at 260 nm in a UV photometer. The ratios of the absorbances 260/280 nm of all the preparations were between 1.8 and 2.0. The RNA sample aliquots were subjected to electrophoresis in a 1.4 agarose-formaldehyde gel to verify RNA integrity. The RNA concentrations were adjusted to 1 μg/μL using the UV photometer and the aliquots were stored at 80 .
Oligonucleotide primer sequences
The primers for the rat genes Δ6 desaturase and CYP7A1 were designed by Primer 3 http://www-genome.wi.mit. cdu/cgi-bin/primer/primer3_www.cgi . The primers synthesized by Hokkaido System Science Co. Ltd., Sapporo Japan were designed to flank known or putative introns, thereby preventing the amplifi cation of any contaminating genomic DNA. Each primer sequence was as follows: Glyceraldehyde 3-phosphate dehydrogenase GAPDH , Gene ID: 24383 , forward: 5 -CTCATGACCACAGTCCATGC-3 ; reverse: 5 -TTCAGCTCTGGGATGACCTT-3 ; Δ6 desaturase Gene ID: 83512 , forward: 5 -ATGTGCCCTACAAC-CAG-3 ; reverse: 5 -TGTGACCCACACAAACCAGT-3 ; and CYP7A1 Gene ID: 25428 , forward: 5 -GCCGTC-CAAGAAATCAAGCAG-3 ; reverse: 5 -TGTGGGCAGC-GAGAACAAAGT-3 .
2.6
Real-time quantitative polymerase chain reaction RT-PCR One microgram of total RNA, in a 10 μl mixture consisting of SuperScript reverse transcriptase Invitrogen, CA , 40 U Rnase OUT Rnase inhibitor , 10 RT buffer 200 mM Tris-HCl pH8.4 , 500 mM KCl , 25 mM MgCl 2 , and 0.1M dithiothreitol DTT , was reverse transcribed during incubation at 50 for 50 min. The reverse transcription was terminated by heating the mixture at 85 for 5 min and then quickly cooling on ice. An aliquot of the cDNA samples was mixed with 10 μl 2 DyNAmo Master Mix FINNZYMES, Finland in the presence of 5 pmol of each forward and reverse primer for Δ6 desaturase and CYP7A1, and then this PCR-reaction mix was subjected to PCR under standard conditions 40 cycles . As an internal control, the same aliquots of cDNA samples were also subjected to PCR in the presence of a second pair of primers specifi c to rat GAPDH RNA. The mixtures were incubated in a Chromo 4 Sequence Detection System Bio-Rad, CA that was programmed to conduct one cycle at 95 for 10 min and thereafter, 40 cycles at 95 for 10 s and 57 for 1 min. The results fold changes were expressed as relative fold by comparing the amount of RNA of the target gene to that of the GAPDH gene, which is determined by the equation 2 -C t target-C t GAPDH .
RESULTS AND DISCUSSION
Processed foods have substantial levels of COPs 4 . COPs are toxic agents and modulate metabolic processes 10 . Our previous experiments showed that feeding rats with dietary COPs for relatively long durations such as 3-4 weeks disturbed the lipid metabolism and caused liver atrophy 7 .
However, it is not clear whether short-term dietary intake of COPs causes subacute toxicity and perturbation of lipid metabolism. In this study, we examined the effects of short-term dietary intake of COPs on the hepatic function and lipid metabolism in rats.
Dietary COPs alter growth parameters such as body
Each value is the mean±SE (n=5 or 6). Values without a common superscript in a row are signifi cantly different (P<0.05). COPs, cholesterol oxidation products mixture; Control, rats fed cholesterol-free diets; Chol, rats fed 0.5% cholesterol-fed diet; COP, rats fed 0.5% COPs; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; LDH, lactate dehydrogenase; PC, phosphatidylcholine; PE, phosphatidylethanoleamine; PL. phospholipids; CE, cholesterylester.
Table 1 Effects of dietary COPs on liver function indices and lipid parameter in liver and serum
weight gain in previous study 6 . In this study, no statistically signifi cant differences were observed in the body weight gain among the 3 groups; however, the relative liver weight of the COP group at the time of killing was significantly higher 3.66 0.07 g/100 g body weight than those of the Control group 3.11 0.05 g/100 g body weight and the Chol group 3.35 0.10 g/100 g body weight . Therefore, the increase in the body weight may not be infl uenced by the short-term dietary intake of COPs in rats. The hypertrophy of the liver due to dietary COPs may be associated with the detoxifi cation process, but we do not have an exact explanation. The GOT, GPT, and LDH levels in the Control and Chol groups were nearly similar; however, the levels in the COP group were higher than those of the Control and Chol groups Table 1 . Similar fi ndings were reported in a previous study in which dietary intake of COPs for 3-4 weeks caused liver atrophy in rats 6 . COPs have potent cytotoxic effects 1 , and they exert subacute toxic effects in the liver and disturb the hepatic function. Therefore, dietary COPs may cause hypertrophy in fi rst stage and then induce liver atrophy in second stage. Further studies will be required to elucidate the relationship between dietary COPs and hepatic function. The liver cholesterol level in the Chol group was significantly higher than that in Control group in the present study. Although the COPs mixture contained a small amount of cholesterol 9.5 , the liver cholesterol level of the COP group was lower than that of the Control group. This decrease can be attributed to the potent inhibitory role of COPs on 3-hydroxy-3-methylglutaryl Coenzyme A HMG-CoA reductase 10 . However, there were no statistically signifi cant differences in the serum cholesterol level among the 3 groups. Effects of dietary COPs on serum cholesterol level may be mild in fi rst stage. The serum triglyceride level of the Chol group was higher than that of the Control group; however, the serum triglyceride level of the COP group was signifi cantly lower than that of the Control group. The increase in the serum triglyceride levels in the Chol group can be explained by the fact that dietary cholesterol promotes the expression of Sterol Regulatory Element Binding Protein SREBP -1c mRNA in the liver 11 , thereby increasing the liver triglyceride level. However, dietary COPs decrease the expression of SREBP-1c mRNA in the liver, thereby inhibiting the activities of fatty acid synthetic enzymes such as fatty acid synthetase, malic enzyme, and glucose-6-phosphate dehydrogenase. Moreover, dietary COPs inhibit the absorption of dietary fat 12 . The serum triglyceride levels of the Chol and COP groups were almost similar but that of the Control group was lower than those of the other 2 groups. Further studies will be required to elucidate the mechanisms underlying these inhibitory effects of COPs. The Δ6 desaturation index [ 20:3 n-6 20:4 n-6 /18:2 n-6 ] in liver phosphatidylcholine and phosphatidylethanolamine were significantly lower in the Chol group than that of the Control group. However, this index in the phosphatidylethanolamine and serum cholesterylester fraction of the COP group was signifi cantly higher than that of the Control group, but this high index was not observed in phosphatidylcholine. Dietary COPs promoted hepatic Δ6 desaturase activity in previous studies 6, 7 . We observed that dietary COPs signifi cantly increased the expression of Δ6 desaturase mRNA in the rat liver in this study Fig. 1 .
Thus, dietary COPs promote linoleic acid desaturation by the modulation of the Δ6 desaturase mRNA expression in the liver. Dietary COPs may also modulate the production of eicosanoids since the supply of free substrate is one determinant of eicosanoid production. Further studies are required to elucidate the effects of COPs on arachidonic acid metabolism. Contrary to the effect on linoleic acid metabolism, dietary COPs decreased the expression of CYP7A1 mRNA in the liver, while dietary cholesterol increased the CYP7A1 mRNA expression. Therefore, dietary COPs may inhibit cholesterol catabolism by inhibiting the CYP7A1 activity in rats. Thus, dietary COPs may perturb cholesterol homeostasis. Moreover, the absorption of lipids in the intestine may be reduced because of the inhibitory effect of dietary COPs on bile acid synthesis.
Fig. 1 Effects of Dietary COPs on Hepatic Δ 6
Desaturase or CYP7A1 Gene Expression in Rats. Each value is mean ± SE (n = 5 or 6). Values without a common superscript in a row are significantly different (P < 0.05). Control, rats fed with cholesterol-free diets; Chol, rats fed with 0.5% cholesterol diet; COP, rats fed with 0.5% cholesterol oxidation products diet.
CONCLUSION
In conclusion, our study shows the deleterious effects of short-term 7 days dietary intake of COPs on the hepatic function, linoleic acid desaturation, and cholesterol catabolism in rats. Further modifi cations of gene expression concerning lipid metabolism can be induced by long-term dietary intake of COPs. Thus, COPs are biologically deleterious agents and may be associated with the initiation or progression of various diseases. Various levels of COPs 0.19-4878 μg/g have been detected in some commonly consumed processed animal foods. We observed that dietary COPs were absorbed from intestine at approximately 30 in rats in previous study 13 .Therefore, processed foods containing high level of COPs should be consumed with caution. Further, it can be considered that the consumption of foods that inhibit the absorption of COPs may also be effective to maintain a healthy body.
